When the supply of oxygen to the interior of living cells is reduced to a rate insufficient for their current metabolic needs for oxygen, then various cellular oxidation-reduction systems must shift toward a more reduced state. Thus, as the oxygen tension falls the "oxidation potential" ("Eh") decreases (1, 2), (the rate of decrease being a complex and variable function of Po2 and also of the rate of energy utilization), and the various redox systems shift toward their reduced forms in a sequence determined by their inherent redox characteristics (1), cytochrome oxidase, the cytochromes and their dependent systems, flavoproteins and diphosphopyridine nucleotide (DPN).
The lowest potential in the "carrier" system is that of DPN, which is the final electron donator and functions also in the "metabolic" oxidative systems; the rates of the oxidations of energy metabolism are not affected until DPN is affected.
When the oxidative potential in the hypoxic cell has diminished to the level of the potentials of the "metabolic" systems, the first of these DPN-coupled systems to become reversed will be the one of potential closest to that of DPN: DPNH2, the lactic dehydrogenase (LDH) system. LDH 1) Pyruvate + DPNH2 I ' Lactate + DPN The fact that this system should shift toward the reduced state at the same time as the final transport system (DPN) appears to be an important arrangement of potentials from the point of view of the continuance of cell life during hypoxia. This is because the end-product of reduction in the LDH system is lactate, which has no other function in metabolism. All the other metabolic redox systems operate in series, so that the products of one system become the substrates of another, or several other, systems; if oxidation in 'Aided in part by a grant from the American Heart Association.
one of these systems were to stop or slow down, the whole process of energy metabolism would be affected. The LDH system, however, is unique in being "dead-end;" endogenous lactate does not participate in any other equilibrium or enter into any other reaction which would be affected by its accumulation in the cell.2
Lactate is not the only product of a shift to the right in the steady state depicted by equation 1). Oxidized DPN also is produced from reduced DPN. Under conditions of true oxygen deficiency within the cell, then, as the oxidation of DPNH2 by molecular oxygen through the carrier system falls off, oxidation of DPNH2 by the LDH system takes up. If this substitution for oxygen could occur at a sufficient rate, the oxidative potential of the cell medium would fall no further, and the remainder of the oxidations of energy metabolism could therefore continue, and life would be sustained. If the systems at any other level of potential had a significant poising effect, the fall of "Eh" might be checked (1) , but in those cells which have been studied this usually does not appear to be the case (1, 2) , "Eh" falling to about -0.180, that of LDH.
It is important to emphasize that the situations envisaged by this reasoning do not include 1) complete, or even nearly complete, absence of oxygen (which would halt the succinic system), or 2) the possible toxic effects of unlimited lactate and acid accumulation. It is true that most mammalian tissues cease to function or die in the total absence of oxygen. However, the survival of animals and human patients during a great variety of lesser hypoxic states, especially during cardiopulmonary disease, may be attributable to the existence of "anaerobic metabolism" such as that described above. It has been known for many years that lactate is produced in hypoxic states (6, 7) in intact animals.
If the rate at which this anaerobic metabolism occurs in intact animals during a particular period could be estimated, it would be possible to deduce in essential metabolic terms the extent to which oxygen supply was inadequate to meet tissue demands. Hill, Long, and Lupton (8), Jervell (9) , and others have attempted to make such estimates from the total amount of lactate produced. However, only after their work was published was the LDH system described as an equilibrium as shown in equation 1). It is obvious from this equation that it is not theoretically possible to use lactate alone for estimating changes in DPN: DPNH2 unless pyruvate could be assumed to remain unchanged at all times. Otherwise, one of the four factors in the system will have been omitted from consideration, and some inexplicable changes in lactate production might be expected to occur. It is not surprising, therefore, to find that a number of conditions other than the state of oxidation of DPN can lead to lactate production in the absence of hypoxia (10) (11) (12) (13) naturally. The third, hyperventilation and alkalosis, was studied both because it produces the most striking lactate accumulations and because pH changes are complicating factors in most studies of hypoxia.
blood samples was determined with a glass electrode at 370 C. after collection in sodium fluoride and preservation in ice for about an hour.
Oxygen consumption rates were calculated from the minute volume of inspired air delivered from a spirometer and the oxygen, carbon dioxide, and nitrogen contents of expired air as determined with the standard Haldane apparatus. Control samples were taken after an hour of rest. Animals were anesthetized with 20 mg. chloralose per Kg., although the present results have been duplicated in animals under pentobarbital anesthesia when arterial oxygen saturation was normal.
RESULTS
Infusing sodium pyruvate solutions having pH 7.0 or 7.4 led to a considerable alkalinizing effect. Such infusions had previously been given by Bueding and Goldfarb (16) and tacitly compared, presumably, with control infusions of sodium chloride. The proper control infusate, however, should be sodium bicarbonate solution (17, 18) which has an effect, as shown in Figure 1 (curves A and B), essentially identical with that of sodium pyruvate. From this observation it might be concluded that pyruvate infusion, in fact, has no specific effect on blood lactate, but only the effect of an alkalinizing salt. The same effects on blood pyruvate and pH were elicited with 0.10 M sodium pyruvate solutions at infusion rates between 1 and 4 ml. per minute (0.2 to 0.4 mM per minute) for METHODS Blood samples from human subjects were collected as previously described (14) . Briefly, an indwelling arterial needle was inserted into a brachial artery under local anesthesia, and blood was allowed to flow rapidly through a short length of plastic tubing directly into a weighed tube of ice cold 10 per cent trichloracetic acid in 0.5 N HCI. Lactate and pyruvate analyses were carried out in triplicate as previously described (14) ; each recorded figure represents the mean of all analyses on two blood samples collected in rapid succession. Reproducibility of successively drawn samples during a steady state was about 0.5 per cent for lactate and 1.0 per cent for pyruvate. Blood samples were collected from dogs in the same manner except that each arterial sample was accompanied by a similarly collected sample of mixed venous blood from a wide-bore brass cannula inserted through the jugular vein into the right ventricle of the heart. Blood water content was determined with each sample and all concentrations are given in millimoles per liter of blood water. Blood oxygen determinations were carried out either manometrically in the Van Slyke apparatus, or spectrophotometrically (15) . The were measured, and excess lactate (XL) calculated as described. Two additional hyperventilation periods are given in Figure 1 . In Experiments S and 6 hyperventilation was induced with S per cent CO2 in 20 per cent 02, 75 per cent N2.
Values marked "hyperventilation" were obtained at the end of the forced breathing period; "Recovery 1" is the peak value of pyruvate; "Recovery 2" values obtained 45 minutes after cessation of hyperventilation.
RELATIONSHIPS OF PYRLVATE AND LACTATE IN HYPOXIA
Effect of threefold increase in (14) .
Corresponding values for blood lactate have been reported to be 1.11 mM per L. (13), 1 (19) , 11.3 (21) , and 10.6 (28) . It has been stated that the "basal state" does not give the lowest lactate-pyruvate ratio and that fairly vigorous walking produces no increase init (19) , or in lactate (13) .
In the present study, using arterial blood and no lapse of time between sampling and denaturation of the blood, quite different conclusions have been arived at. Measurements by these techniques have shown arterial blood lactate and lactate-pyruvate ratio to increase immediately (in less than one minute) on the mildest exertion (29) , although analysis of venous blood does not reveal this change. Our data on the resting state indicate that bed rest and the nearest possible approach to basal conditions yields the lowest body lactate and lactate-pyruvate ratio, and these minimal reference values are much lower than previously reported. Lactate, pyruvate, and the lactate-pyruvate ratio always fell during the resting control periods of one and one-half to two and one-half hours, and a plateau was usually reached in one hour. The average fall in lactate concentration in 32 human subjects was 0.320 mM per L. H2O, of pyruvate, 0.021 mM per L., and of the lactatepyruvate ratio, 2.60.
It has been shown that any delay in the denaturation of blood causes much lower pyruvate and somewhat higher lactate concentrations, with very significantly higher ratios of lactate to pyruvate than appear to exist in the body (14) . We have found that fluoride significantly accelerates the immediate disappearance of pyruvate from shed blood and the rise of the lactate-pyruvate ratio. Iodoacetate produces a rise in blood pyruvate with time in vitro and, therefore, an artifactual depression of the lactate-pyruvate ratio. The greatest difference in results, however, is produced by the use of peripheral venous blood, an error which has been pointed out previously (30) (31) (32) . It must be recognized that these values may reflect purely local events in the limb as much as they reflect changes in total body lactate and pyruvate. During changing levels the error may be 100 per cent or more. In 15 of our normal basal subjects, blood drawn from a vein by the method of Friedemann, Haugen, and Kmieciak (21) The present data were obtained with these technical improvements and appear to demonstrate a rather marked lactate production in the body in response to slight changes in body pH, glucose and pyruvate in the complete absence of oxygen lack. They also suggest the mechanism for this occurrence, as outlined in the introduction. One of the two factors affecting the body lactate content is the tissue oxygen deficiency factor; the other, however, is pyruvate concentration, which may change considerably in the absence of any oxygen lack, as illustrated in the present data. This is demonstrated most simply by changing pyruvate artificially by infusing this substance. One of the most potent gross stimuli to endogenous pyruvate production in the intact body, however, appears to be a change in acid-base balance. Since pyruvate levels are the resultant of a great number of different chemical equilibria in the body, it is not possible to quantitate the various causes for pyruvate change during hypocapnia. Whatever may be the detailed reasons, when pyruvate does change it is possible to predict from equation 2) that lactate will change also, and that it will change by an amount which can be derived from the equation (if hypoxia is absent). Equation 2), of course, states that the ratio of lactate to pyruvate should remain constant during the interval under study if hypoxia is absent. Some change in the lactatepyruvate ratio did occur in the present experiments, although it seems very small.
Only if no change in the lactate-pyruvate ratio had occurred could the significance mentioned be assigned to this observation. If some change did occur, it would then be impossible to know in any real terms how significant this might be. One could only say, in that case, that the equilibrium of equation 1) was being displaced to the right to some unknown extent. The total rate of this shift might be very great for even such a small distortion of the lactate-pyruvate ratio as seen in the present experiments, or it might be negligible. Rates of change of "excess lactate" concentrations in all the experiments reported here, when multiplied by the volume of total body water and by a factor of 11.2 to convert millimoles to oxygen equivalents (29) ably confirmed. Under other conditions the "excess lactate" has proved to be of very significant proportions relative to oxygen consumption, but this situation is physiologically quite different and is dealt with separately (29) . The constancy of these relationships in the present experiments has some important implications with respect to metabolic studies generally in man and intact animals, when blood analysis must be employed. The lactic dehydrogenase system lies within the cells, but concentrations were measured in these subjects in the blood. In the alkalinization experiments, therefore, the arterial blood lactate concentrations appear to have changed in a manner which accurately reflected the mean of theoretical intracellular changes in the body as calculated above. Passive diffusion across cell membranes (although not identical concentrations in intracellular and extracellular fluids) has previously been proposed for these ions (14, 33) . In the pyruvate infusion experiments, moreover, the primary pyruvate change occurred in the blood and must have effected secondarily a change within the cells which then altered lactate concentration, first intracellularly and subsequently in the blood. Despite this double transit across cell membranes, blood lactate still followed blood pyruvate rather faithfully.3 Such small amounts of calculated "excess lactate" as were present may represent lags in diffusion equilibration.
Lactate production theoretically is not controlled exclusively by the adequacy of cellular oxygenation, and is demonstrably affected to a very significant extent by the pyruvate changes of overventilation or pH alterations of the body, of blood glucose changes and probably other stimuli. It would, therefore, seem quite inadvisable to draw any conclusions about tissue oxygen supply from determinations of lactate alone. Hyperventilation in human subjects has previously been noted to be associated with lactic acidemia (13, 17) , but muscular exertion also occurred, and no clear explanation for the finding was apparent. Similar effects of pH on tissue lactate production may be deduced from data reported in the heart-lung preparation (34) in isolated limb preparations (35) . and in intact dogs (18, 36 Epinephrine causes increased lactate production by muscle (10) which is not due to diminished blood flow (37) or altered arteriovenous oxygen difference (38) , and produces lactate accumulation (12) . Again, pyruvate accumulation is known to occur as a result of epinephrine injection (39) .
In view of the significant changes in carbohydrate metabolism resulting from pH change (40, 41 ), it appears possible as an interrelation of the diverse events listed above that all the stimuli mentioned produce pyruvate accumulation through effects on the processes of carbohydrate metabolism which they have in common.
However this may be, it is suggested from the present studies that lactate accumulation ensues as a result of its tendency to maintain equilibrium with the pyruvate present, and the equations derived for this relationship appear to suggest that experimental lactate changes fit the concept satisfactorily.
With further investigation such a concept might help to clarify the complex relationship between tissue oxygen deficiency and lactic acid production.
Considering the rapidity with which lactic acid accumulation may be brought about, this phenomenon observed during hyperventilation represents a mechanism for quickly reducing body bicarbonate as an adjustment to alkalosis. We have seen several human subjects with pathological hyperventilation who replaced half or more of their serum bicarbonate with lactate in the course of several hours. Considering the fact that 10 to 12 mM per L. of lactic acid may at times be found to accumulate within a few minutes, this mechanism of acid-base homeostasis can have almost as great rapidity of response as carbon dioxide tension itself. If a patient's primary derangement is respiratory alkalosis, the LDH mechanism of tissue acid production would appear to be the only immediate compensatory response available. [Pyruvate]0
The difference between the value of f n-LC, predicted from equation 5) on the assumption that no true hypoxia
